Abstract-This paper deals with the accurate and efficient modal analysis of arbitrarily shaped waveguides whose cross section is defined by a combination of straight, circular, and/or elliptical arcs. A novel technique for considering the presence of circular and/or elliptical segments within the frame of the well-known boundary integral-resonant mode expansion (BI-RME) method is proposed. This new extended BI-RME method will allow a more accurate solution of a wider number of hollow conducting waveguides with arbitrary profiles, which are usually present in most modern passive waveguide components. To show the advantages of this new extended technique, the modal chart of canonical (circular and elliptical) waveguides, as well as of irises with great practical interest (i.e., cross-shaped irises with rounded corners) has been first successfully solved. Next, a computer-aided-design software package based on such a novel modal analysis tool has first been validated with the accurate analysis of a referenced complex dual-mode filter, and then applied to the complete design of a novel twist component for -band application based on circular and elliptical waveguides. A prototype of this novel device has been manufactured and measured for verification purposes.
Efficient Modal Analysis of Arbitrarily Shaped Waveguides Composed of Linear, Circular, and
Elliptical Arcs Using the BI-RME Method
I. INTRODUCTION
O VER THE LAST two decades, an increasing number of passive waveguide devices have been made of waveguides with an arbitrary cross section defined by linear, circular, and/or elliptical arcs. For instance, ridged rectangular [1] and ridged circular [2] waveguides, as well as cross-shaped irises [3] are frequently found in dual-mode empty or dielectric-loaded resonator filters. Multiridged rectangular waveguides have been also employed as tuning elements in reentrant coaxial filters [4] , as well as key elements in doubly corrugated chokes [5] . Recently, and due to the mechanization effects of most common manufacturing techniques of waveguide components, the presence of rounded corners in rectangular waveguides has been under investigation in both guided [6] and radiating applications [7] . Another example of great practical interest is the elliptical waveguide, which has found increasing application in many passive microwave components, such as dual-mode [8] and triple-mode [9] filters, circular waveguide polarizers [10] , radiators [11] , resonators [12] , and corrugated horns [13] . Therefore, the electromagnetic-wave propagation in hollow conducting waveguides of arbitrary cross section has become a problem of considerable practical interest, and many different approaches dealing with the calculation of the full modal spectrum of such waveguides have been published in the technical literature. A very early contribution can be found in [14] , where a conformal transformation technique is proposed for the study of rectangular waveguides with trapezoidal and semicircular ridges. Over the following years, several techniques were introduced in order to cope with the efficient modal computation of particular arbitrarily shaped waveguides such as nonsymmetric uniform waveguides or triangular-and star-shaped guides. An interesting review of such techniques can be found in [15] and [16] .
In the decade of the 1980s, several new techniques for solving the modal problem under consideration were proposed. They can be grouped into two main categories: the first one based upon the solution of integral equations through different methods (see, for instance, [17] - [19] ) and the second one consisting of meshing techniques such as the transmission-line modeling method [20] and the finite-element method [21] . Even though the first group of techniques has recently been revisited with the proposition of novel methods, e.g., the generalized spectral-domain method [22] and boundary integral-equation method [23] , they lead to the solution of small-size nonalgebraic eigenvalue problems, which, in some cases, do require time-consuming procedures for searching the required cutoff frequencies. On the other hand, the meshing methods lead to either large-size standard eigenvalue matrix problems or multistep iterative strategies, thus demanding high computational efforts and/or large computer memory resources.
To overcome these drawbacks, a new algorithm also based on the solution of an integral equation was originally proposed in [24] , i.e., the well known boundary integral-resonant mode expansion (BI-RME) method. The main advantage of this new integral equation method is that it leads to small-size linear matrix eigenvalue problems, which can be accurately solved in rather short CPU times. Recently, the BI-RME method has been revisited in order to also provide the modal coupling coefficients 0018-9480/03$17.00 © 2003 IEEE of step discontinuities involving arbitrarily shaped waveguides (see [25] and [26] ), which has eased its practical integration into modern computer-aided design (CAD) tools [27] . Nevertheless, despite these recent efforts devoted to improving the BI-RME method, all practical implementations of such a technique use only straight segments for describing the arbitrarily shaped contours, even though they are composed of circular and/or elliptical arcs. This simple approach, which usually requires a higher number of straight segments to define the arbitrary profiles, does not provide enough accurate results for some restrictive practical applications.
Within the context of this high demanding scenario, this paper is essentially aimed at describing a rigorous method that allows the accurate consideration of linear, circular, and/or elliptical arcs by the BI-RME formulation, as well as the appropriate connection of such types of segments. To fully validate the new theory proposed in this paper, two simple canonical examples have first been considered. One of them is a circular waveguide and the other is an elliptical guide, whose modal charts are either analytically or numerically well known. After this successful preliminary verification, the new theory proposed has been applied to the complete modal analysis of a commonly used iris, i.e., the cross-shaped iris, but considering rounded corners due to mechanization effects. Next, the new modal analysis tool developed has been integrated into a CAD software package of complex passive waveguide devices. Such CAD package has been first verified with the accurate analysis of a dual-mode filter involving circular and elliptical waveguides. Finally, making use of the validated CAD tool, a novel topology for a -band 90 -twist component based on circular and elliptical waveguides has been proposed. The simulated results of this new component have been successfully compared with measurements of a manufactured prototype. The computational efficiency of the novel modal analysis tool, as well as of the CAD software package based on such a tool, has been revealed as being very good.
II. THEORY
The structure under investigation is the arbitrarily shaped waveguide shown in Fig. 1 , whose cross section can be defined by a combination of linear, circular, and/or elliptical arcs. As can be seen in this figure, the arbitrary cross section is enclosed within a standard rectangular waveguide , and its arbitrary contour is defined by the tangent vector and the suitable abscisa taken on the contour line.
In order to obtain the modal chart of such arbitrary waveguides, the already cited BI-RME method, first described in [24] , is proposed. The practical implementations of this classical technique, as well as of further revisited versions of the method (see, for instance, [27] ), always have the arbitrary profile segmented into smaller straight arcs. In this section, we will only present the new theoretical aspects related to the BI-RME method implementation that are needed to also consider circular and/or elliptical arcs when segmenting the arbitrarily shaped contours. A detailed explanation of the generic BI-RME method formulation, and also of its classical implementation, can be found in [24] and [27] . A practical procedure for efficiently solving the connection of the two new kinds of arcs introduced (i.e., the circular and elliptical ones) with the standard straight segments used up to now in the classical BI-RME implementation will also be outlined.
Once the modal chart of an arbitrarily shaped waveguide including straight, circular, and/or elliptical arcs is solved, the efficient and accurate procedures described in [25] and [26] can also be followed in order to easily compute the modal coupling coefficients of such modes with those of the standard rectangular waveguide enclosing the arbitrary profile (see Fig. 1 ).
A. Extension of the TM Case
When computing the TM modes of an arbitrarily shaped waveguide using the BI-RME method originally described in [24] , the most crucial task is related to the accurate evaluation of the following matrix elements: (1) where the functions and are the basis and testing functions related to the implementation of the well-known method of moments (MoM). Typically [24] , such functions are piece-wise parabolic splines defined in two or three segments of the arbitrary contour, which, in our case, can be straight, circular, and/or elliptical arcs. In each of these segments, these functions have the following simple expression: (2) where the coefficients , , and are explicitly reported in [27] for the cases of straight and circular segments. If an elliptical arc is involved, these coefficients must be computed following the procedure described at the end of this section.
In (1) , and are, respectively, the source and field vectors addressing points of the arbitrary contour , which can be defined as , and is the scalar two-dimensional Green function for the Poisson equation [24] . When , the double integral defined in (1) can be performed numerically in a very easy way, for instance, using a Gauss quadrature rule. However, such an approach cannot be followed with the diagonal elements of the matrix (i.e., when ) since is singular when .
A rapidly convergent expression for such a Green function can be found in [28] , which has the following aspect: It should be noticed that the singularity of the function is due to the term, which tends to infinity when the field point approaches the source point . Under such circumstances, the behaves like the singular function , where denotes the Cartesian distance between the aforementioned field and source points.
In order to treat the singular behavior of the function, the singular term of such a function already detected must first be isolated. Next, to simplify the expression of this problematic term, a well-known technique for solving generic integral equations with singularities will be followed [29] . This classical technique, which essentially consists of adding and subtracting a canonical function with the same kind of singularity behavior to the singular term, has already been successfully used together with the MoM approach [30] .
Therefore, making use of such a classical technique, our original scalar two-dimensional Green function can be split as follows: In (5) and (6), the subscript denotes the completely regular contribution of the scalar Green function, the compound subscript indicates that the singular term has been regularized using the well-known technique just previously outlined, and finally, the subscript refers to the isolated singular term of the function, which is expressed as a canonical function whose singularity can be analytically treated.
With regard to the regularized term of the scalar Green function, its regular value when the field and source points are very close to each other can be easily obtained by expanding the function as a Taylor series and then taking the corresponding limit. Proceeding in such a way, it is finally obtained that (7) The only contribution to the matrix elements that remains to be treated is then the one related to the singular term of the Green function. With the aim of making such double-integral contribution independent of the kind of arcs under consideration (straight, circular, and elliptical ones), such integration will be always performed in the same interval of a dummy parameter to be suitably defined in each case. In fact, the only integral to be solved analytically will be the inner one, whereas the remaining outer one will finally be computed numerically following a simple Gauss quadrature rule.
Next, we offer further mathematical details regarding the practical application of the above-described technique to the particular cases of circular and elliptical arcs.
1) Circular Arcs:
A circular arc (see Fig. 2 ) can be easily described in terms of a -parameter running in the interval as follows: (8) where
and is the constant radius of the circular arc. Inserting these previous equations within the definition of the singular term of the Green function in (6), such a term can now be easily divided into the following two components: (10) where
can also be treated as a regular function because (12) and, therefore, the contribution of such a term to the matrix elements will be also computed numerically.
With regard to the inner singular integral of the matrix elements related to the term just outlined in (11) , an analytical solution is explicitly detailed in (38) of the Appendix .
2) Elliptical Arcs: In this case, an elliptical arc, shown in Fig. 3 , must be described in terms of a -parameter running in the 
interval
. First, the elliptic arc is described in terms of a more suitable local coordinate system (see Fig. 3 ) as follows: (13) where (14) Next, the local coordinate system chosen before must be related to the global Cartesian system defined by the and coordinates. To do so, the following relationship between both coordinate systems must be considered: (15) Introducing all these previous relations within the expression of the singular term outlined in (6), such a term can now be easily divided again into the following two new components: (16) where now
The term can be considered again as a regular function since, in this case, (18) and, therefore, the contribution of such a term to the matrix elements can also be performed numerically.
With regard to the inner singular integral of the matrix elements related to the term just presented above in (17) , a further refined treatment is needed in order to reach a kind of singular integral like the one solved in (38).
Such further refined treatment is needed due to the fact that the expressions for the length differentials present in matrix elements, i.e., and in (1), do have more complicated expressions in terms of the dummy parameters and than those obtained for the circular case. For instance, using the expressions collected in (13) and (14), the length differential for an elliptical arc is defined as follows: (19) where is the eccentricity of the ellipse where the elliptical arc is integrated.
If this definition of the length differential is considered within the generic expression of the matrix elements, the following double integral is finally obtained: (20) where . Now, we can make use of the decomposition of the scalar Green function previously proposed in this section. Proceeding in this way, the computation of (20) can be split into the following two terms: (21) where
In expressions (21) and (22) , the subscript means a regular contribution to the matrix elements, which can, therefore, be computed numerically. On the other hand, the subscript makes reference to the fact that the related integral is singular, thus needing a special treatment.
For solving the singular integral , a second subdivision level is required, thus giving place to the following decomposition: (23) where now
The second subscript of this new subdivision again gives a clear explanation of the new terms generated. The first new term has now turned into a regular one since , has a singularity of a logarithmic kind, and as is well known, for any value of greater than zero. On the contrary, the second new term is still a singular contribution, but, in this case, the inner integral of such a term is identical to the one derived for the circular case, whose analytical solution can be found again in (38).
It is interesting to notice that the new definitions for the length differentials and must also be introduced into (1) when computing the matrix elements. However, in such case, no singularity is arisen and, therefore, the double integration required to compute such matrix elements can be easily performed in a numerical way.
B. Extension of the TE Case
For the TE case, the critical issues related to the application of the original BI-RME formulation (see [24] ) are related to the accurate computation of the following matrix elements:
If the first expression of the last two is compared with the definition of the matrix elements presented in (1), it can be easily noticed that both are very similar, and the only difference is related to the presence of the piecewise parabolic functions or their first derivatives. Therefore, the singularity problems related to the evaluation of (25) with circular and elliptical segments can be solved in the same way proposed earlier for the TM case. Note that, for the TE case, the coefficient in (38) should be set equal to zero.
With regard to the computation of the diagonal elements of the matrix, a new procedure for dealing with the new singularities appearing must be developed since, in this case, such singularities are due to the solenoidal dyadic Green function . This dyadic function is composed of four components, i.e., , , , and , whose compact expressions are explicitly detailed in [24] .
The singularities introduced by the and components are of the same kind (logarithmic one) considered for the TM case. Therefore, the same procedure for the accurate management of such singularities described earlier can now be also followed. Nevertheless, it must be taken into account that the presence of the unitary vectors in (26) introduce additional and terms in the inner singular integrals to be solved analytically. The explicit analytical solutions for this new inner singular integrals are presented in (39) and (40).
In the TE case, an additional problem appears when computing the diagonal elements of the matrix, which is related to the fact that some terms of the four components of the solenoidal dyadic Green function do have an unknown value when the field and source points approach each other. To determine these unknown values, a Taylor-series expansion of each one of these terms must be performed, thus giving place to the following two types of functions: (27) (28)
The function appears when the terms of the and components are expanded into the Taylor series, whereas the function comes from the Taylor-series expansion of the selected terms of the and components. It is interesting to remark that two such functions are not singular, but discontinuous, which means that their limit values when the field and source points are close enough depend on the kind of segment they belong to (in our case, a straight, circular, or elliptical arc).
If the arc is a straight one, the limits of (27) and (28) are easily calculated, thus giving place to the following values for the and functions:
(29) (30) where is the slope of the straight arc.
For a circular arc, the limit values of the and functions are the following:
For an elliptical arc, the and functions do have the following limit values: (33) ( 34) where is defined as follows:
C. Solving the Connection of Straight, Circular, and Elliptical Arcs
A further step to be studied is the connection of the different kinds of segments considered in this paper (i.e. rectangular, circular, and elliptical) for defining the contour of the arbitrarily shaped waveguides.
The connection of two straight segments with different orientations, as well as the connection of one straight segment with a circular one or of two circular segments, can be easily implemented since the relationship between the length and arc values is straightforward for the circular case. The problem arises when an elliptical arc is to be connected with the two other kinds of arcs. Such difficulty is due to the fact that the length of an elliptical arc is not analytically known and, of course, its value is not directly related to the elliptical arc . As was already explained earlier in this section, the unknown current of the modal problem to be solved by the BI-RME method is reconstructed using piecewise parabolic functions. In [24] , it is proposed that the support of such piecewise functions is defined by two or three segments of the original arbitrary contour, and that the area of such functions over its entire domain (the two or three segments considered) must be equal to one in order to guarantee more stable numerical results.
Let us suppose, without any loss of generality, that one segment of a piecewise parabolic function is an elliptical one, whose length is usually fixed by the segmentation procedure of the arbitrarily shaped contour. A typical value for such fixed length is chosen to be equal to , where is the cutoff wavelength of the highest order mode of interest belonging to the arbitrary waveguide [27] . For an elliptical segment, it is not so simple to define the elliptical arc with only such information about the arc length.
To avoid this situation, the following approach has been adopted. If the elliptical arc belongs to an ellipse of major semiaxis , we propose to choose a value for the elliptical arc length equal to the quotient of the proposed fixed length and (i.e.,
). It must be noticed that this choice of the value will not provide a real length for the elliptical arc equal to the wanted value . Nevertheless, once the elliptical segment is defined, the coefficient values of the two or three parabolic functions defining the whole piecewise function are easily determined following a standard normalization procedure (for instance, the one described in [27] ). The real area of the whole piecewise function must then be determined as follows:
(36) where means the total piecewise basis function to be built, and are the parabolic functions defined on each segment (in this particular case, we have considered three segments to define the support of the complete basis function). In our particular example, the third integral in (36) corresponds to the elliptical arc, and will have the following aspect:
(37) Once (36) is solved, we will see how the value obtained for is not equal to one due to the fact that the length of the real elliptical arc built is not , as has already been explained. The solution is quite simple: the final coefficient values of all the parabolic functions used to define the total piecewise basis function are obtained by simply dividing the ones previously determined by the value just computed.
Finally, it is interesting to remark that proceeding in this way with the construction of the elliptical arcs, their lengths will be different depending on the position of such segments within the ellipse. In fact, if the elliptical arc is placed where the tangent unitary vector to the ellipse has a higher variation, its length will be smaller, thus giving way to a finer segmentation that will provide more accurate results.
III. VALIDATION RESULTS
In this section, the new above-described theory is completely verified with several examples of great practical interest. The results presented have been grouped into two main blocks: the first one dealing with the modal analysis of arbitrarily shaped waveguides and the second one related to the analysis and design of modern passive devices involving such kind of waveguides. In all the example cases considered, the simulated results have been successfully compared with either numerical and experimental data available in the technical literature or with own measurements of manufactured prototypes.
In order to show the efficiency of the novel modal analysis tool developed, as well as of the CAD software packages based on this tool, CPU times have been included in most of the examples considered. Such computational efforts have been always determined on a Pentium IV platform at 2.4 GHz with 1-GB double date rate random access memory (DDRAM).
A. Modal Analysis of Arbitrarily Shaped Waveguides
To fully validate the new theory developed for circular arcs, as well as its supposed improved accuracy, we have first performed the modal analysis of a canonical waveguide, i.e., a circular waveguide of diameter 9.525 mm, whose cutoff frequencies are analytically known. To make use of the new theory, such a circular waveguide has been defined as a tubular sheet (see in Fig. 1 ) perturbing a standard square waveguide ( in Fig. 1 ) of size 9.525 mm. In Table I , a comparison between the relative errors of the first TM and TE cutoff frequencies of the circular waveguide modes, computed using the classical (using only straight segments) and the new extended (using, in [31] this case, only circular arcs) BI-RME technique, is presented. In both cases, the circular contour has been divided into only ten segments. As can be seen in Table I , an important accuracy improvement is obtained with the new theory proposed for circular arcs. The next canonical example considered has been an elliptical waveguide with major semiaxis mm and eccentricity since results for the cutoff frequencies of such waveguides have been extensively reported in the literature. In order to apply the extended BI-RME technique proposed in this paper, the ellipse under consideration has been defined within a rectangular waveguide of dimensions 21 mm 18 mm, and has been segmented using 176 smaller elliptical arcs. Using this technique, the first 181 modes of the considered elliptical waveguide have been computed (100 TE modes and 81 TM solutions). Table II successfully compares the cutoff wavelengths for the first 100 modal solutions with results from [31] , where a completely different approach for solving the modal problem was proposed. The total CPU time required to solve this example has been of 47 s, which is rather well compared with the 167 s related to the method proposed in [31] and the 303 s (also reported in [31] ) of a standard package for solving the well-known Mathieu functions. These last two CPU times have been obtained using an IBM RISC-6000 workstation.
Once the new theory proposed has been successfully validated, we considered a final example of great practical interest, i.e., the cross-shaped iris shown in Fig. 4 . As already explained in Section I, this coupling iris is commonly used in circular waveguide dual-mode filters, which are widely used for space applications. Furthermore, most of the modern low-cost fabrication techniques of these irises, such as computer-controlled milling, spark eroding, electro-forming, or die casting, usually introduce rounded corners, as shown in Fig. 4 . The accurate consideration of such a mechanization effect by the future CAD tools of dual-mode filters would extremely reduce the current [25] fabrication costs and development times of such complex devices. First, for verification purposes, we have considered a crossshaped iris with straight-angle corners since numerical results for this simpler case can be found in the technical literature [25] . The structure under study can be seen in Fig. 4 , where has been obviously chosen to be equal to 0 mm (right-angle corners), mm, mm, and mm. To apply the BI-RME method, a square surrounding box ( mm) has been chosen. Table III reports the cutoff wavenumbers (in mm ) provided by our BI-RME implementation for the first three TE modes of the described iris, as well as the relative error between such results and those collected in [25] . Table III also provides the values of the coupling coefficients among the computed modes of the cited cross-shaped iris and the first TE and TM modes of a standard circular waveguide of radius mm, also shown in Fig. 4 . Our results are those next to the parenthesis enclosing the standard circular FIG. 4 waveguide modes considered, whereas those marked with an asterisk have been obtained from [25] . As can be observed, an excellent agreement between both results is obtained.
Next, the new theory developed in Section II has been used to solve the modal chart of the previous cross-shaped iris, but now considering different curvature radius ( and mm) for the rounded corners shown in Fig. 4 . The evolution of the cutoff wavenumbers (in mm ) for the first three TE modes of the perturbed iris, in terms of the different radius values chosen for the rounded corners, is offered in Table IV . As can be seen in this table, even for small values of the rounded corners radius mm , the cutoff wavenumbers of the very low-order modes begin to be considerably modified (relative differences approximately 3%). Therefore, the inclusion of these effects in the modern CAD tools is revealed as being rather necessary, especially for machined components to operate in the higher microwave and millimeter-wave bands. For the example we have just studied, the arbitrarily shaped contour has been divided into 164 arcs (straight and circular ones), and the first 16 modes (15 TE and 1 TM) of the strongly perturbed iris have been computed, thus requiring a total CPU effort of only 30 s.
B. Analysis and Design of Complex Passive Waveguide Devices
Once the novel theory proposed has been previously validated with several benchmark tests, its direct application to the analysis and design of modern complex passive waveguide devices is faced. For that purpose, we have integrated the new BI-RME extended technique proposed in this paper within a CAD software package based on the integral-equation method fully described in [32] . As indicated in [32] , this efficient full-wave analysis method requires the knowledge of the modal chart related to all the waveguides included in the devices under consideration. In order to solve the modal chart of the arbitrarily shaped waveguides that can be present in modern passive waveguide devices, we have made use of the efficient and accurate modal analysis tool developed in the context of this study.
Before using the new CAD software package developed for the design of novel components, we have tested its accuracy and efficiency with a complex passive waveguide device involving circular and elliptical waveguides, which has been recently reported in the literature. This complex device is a four-pole dual-mode filter successfully designed in [8] , which is of great use for narrow-band applications. As can be seen in Fig. 5 , this original structure is composed of two elliptical cavities coupled through a rectangular iris, which allows the avoidance of the typical presence of tuning and coupling elements in these types of devices. The geometric parameters of this structure can also be found in Fig. 5 . The simulated reflection and transmission coefficients of this compact device are compared in Fig. 6 with the numerical results provided by [8] . A very good agreement between both results can be observed, even though a slight difference is noticed in the lower rejected frequency band. However, the experimental results of a manufactured prototype in such a low-frequency band, also reported in [8] , fit better with our simulated results. To reach our convergent results, seven accessible modes, 20 basis functions, and 400 kernel terms in the integral equations were required. Due to the great complexity of this device, the complete simulation of its electrical response has taken a CPU effort of 7.2 s per frequency point. Finally, making use of the CAD software package produced, we have designed a new 90 twist component for -band applications. Up to now, 90 twist components have been designed using L-shaped rectangular waveguides (see, for instance, [33] ). Here, we propose an alternative compact geometry for such components based on a soft rotation of the -field through successive square, circular, and elliptical waveguides. A prototype of such a device, which is intended to operate at 26.3 GHz with a wide bandwidth of approximately 2 GHz, has been designed and manufactured. Photographs of this prototype, as well as of their integrating pieces, are displayed in Fig. 7 , where the geometric dimensions of all such pieces are also collected. The simulated scattering parameters of this novel two-port device are shown in Fig. 8 , where they are successfully compared with authors' measurements. During the design procedure of the twist component, convergent simulation results were obtained using 20 accessible modes, 50 basis functions, and 400 kernel terms in the integral equations. These simulating parameters only involved a total computational effort of 0.54 s per frequency point, which is appropriate for design purposes.
IV. CONCLUSIONS
Arbitrarily shaped waveguides, composed of circular and elliptical arcs, are increasingly used in modern passive waveguide components. This paper has described an efficient way for the very accurate consideration of such types of arcs within the classical well-known BI-RME formulation, which, up to now, has always been implemented considering only straight segments for defining the arbitrary profiles. The new theory proposed has been extensively verified through several application examples of great practical interest. First, the modal chart of canonical circular and elliptical waveguides have been successfully computed. Next, the new extended method has been applied to the accurate modal analysis of widely used cross-shaped irises, where completely new results considering the presence of rounded corners due to undesirable mechanization effects have also been offered. Finally, the new modal analysis technique developed has been used together with a CAD software package for advanced analysis and design purposes. After validating this powerful CAD tool with the analysis of a complex waveguide device involving circular and elliptical waveguides, a novel twist component for -band applications has been successfully designed, manufactured, and measured. CPU times for the previous examples have been included to prove the good numerical efficiency of the new modal analysis tool developed.
APPENDIX I ANALYTICAL EXPRESSIONS FOR SINGULAR INTEGRALS
Here, the analytical expressions for all of the singular integrals appearing in Section II are collected.
The integral of a parabolic spline multiplied by a logarithmic singular term has the following analytical solution:
(38)
For the TE case and circular/elliptic arcs, the unitary tangent vector to circular and elliptical arcs is pre-and post-multiplying the solenoidal dyadic function , thus giving rise to the following two singular integrals whose analytical solutions are also offered:
The integrals , , , , , and , which have been introduced in the previous expressions, are defined as follows:
In the expressions collected in (40), and
where is the Euler's constant. She worked with the Spanish electrical carrier Iberdrola during vacation. She was also a Trainee involved in broad-band communications development in the main research center of Telecom Portugal. She was then a Research Assistant with the Universidad Politecnica de Valencia. She was with the European Space Agency for two years as a Research Trainee, where her main activity was the study and implementation of software for synthetic aperture radar (SAR) image processing. In 1996, she returned to the Universidad Politecnica de Valencia, where she held several lecturing positions. Since 2001, she has been an Associate Professor with the Universidad Politecnica de Valencia. Her current interests are SAR data processing, SAR speckle noise reduction, and numerical methods for microwave structures analysis including the wavelet transform.
Hector Esteban (S'94-A'99) was born in Alicante, Spain, on May 12, 1972 . He received the Telecommunications Engineering degree from the Universidad Politécnica de Valencia (UPV), Valencia, Spain, in 1996, and is currently working toward the Ph.D. degree at UPV. His doctoral research concerns the use of hybrid spectral and numerical techniques for the analysis of arbitrarily shaped H-plane devices in rectangular waveguides.
From 1994 to 1996, he was with the Communications Department, UPV, where he was involved in the development of spectral techniques for the electromagnetic characterization of land vegetation. He has collaborated with the Joint Research Centre, European Commission, Ispra, Italy, in the development of electromagnetic models for multiple tree trunks above a tilted ground plane. In 1997, he was with the European Topic Centre on Soil [European Environment Agency (ESA)], where he developed a GIS-integrated database for the assessment of European desertification. In 1998, he rejoined the Communications Department, UPV, as an Associate Professor. He has authored or coauthored eight papers in refereed international technical journals and over 30 papers in international conference proceedings in his areas of research interest. His research interests include methods for the full-wave analysis of open-space and guided multiple scattering problems, CAD of microwave devices, electromagnetic characterization of dielectric and magnetic bodies, and the acceleration of electromagnetic analysis methods using the wavelets. 
